Introduction
The highly related serine/threonine kinases GSK3 and GSK3 are transducers of Wnt/ -catenin, PI-3K, Notch and Hedgehog signalling pathways, placing them at the hub of key developmental and metabolic processes. There is accumulating evidence suggesting that GSK-3 inhibitors aid in the acquisition or sustenance of pluripotency in embryonic stem cells of mouse, rat and human origin. However, the mechanism through which GSK-3 inhibitors impart their effects is unclear due to the myriad cellular processes in which GSK-3 plays a role. Here, we review the studies that have examined the consequences of GSK-3 inhibition in pluripotent stem cells with a focus on key signalling pathways, which have been implicated in GSK-3 inhibitor-mediated effects.
Overview of GSK-3 and GSK-3β structure and function
Glycogen synthase kinase-3 is a serine/threonine protein kinase, which was named based on its ability to phosphorylate and inhibit glycogen synthase, the rate-limiting enzyme of glycogen synthesis (Embi et al., 1980; Woodgett et al., 1983) . Mammals express two homologues of GSK-3, GSK-3 and GSK-3 , which are encoded by separate genes (Woodgett, 1990) . Throughout this chapter we will use "GSK-3" to refer to both GSK-3 and GSK-3 . The two GSK-3 gene products share almost identical kinase domains, but differ substantially at their amino and carboxy termini. Notably, GSK-3 has a glycine-rich Nterminal extension, which is not present in GSK-3 . This is reflected in the relative molecular masses of GSK-3 and GSK-3 , with GSK-3 having a predicted MW of 51 kDa, and GSK-3 having a slightly lower MW of 47 kDa (see Fig. 1 ). Both enzymes retain activity when their non-catalytic N-terminal extensions are deleted, whereas truncation mutants of their disparate non-catalytic C-terminal sequences display reduced activity, in part due to improper folding (Buescher and Phiel, 2010) . There is a splice variant of GSK-3 (GSK-3 2), which has a 13 amino acid insert in the kinase domain (Mukai et al., 2002; Schaffer et al., 2003) . The GSK-3 2 variant is less abundant than the GSK-3 1 variant. Even in the brain, where it is most enriched, GSK-3 2 protein levels are still approximately 2-to 3-fold less than those of GSK-3 1. GSK-3 2 displays reduced activity towards some substrates (e.g. Tau, CRMP2, CRMP4, phospho-GS2, Inhibitor-2) when compared to the GSK-3 1 variant, although some substrates (e.g. c-Myc and c-Jun) appear to be equivalently phosphorylated by either GSK-3 isoform (Mukai et al., 2002; Soutar et al., 2010) . GSK-3 is unusual in that it exhibits a preference for substrates that are pre-phosphorylated by another kinase at a position located four residues C-terminal to the GSK-3 target site (Fiol et al., 1987) . Thus, the consensus sequence for a GSK-3 substrate is S/T-X-X-X-S-P/T-P, where the first serine or threonine (S/T) is the GSK-3 target site, X is any amino acid, and the final S/T residue is the site that is phosphorylated by a priming kinase. The GSK-3 substrates CRMP2 and CRMP4 deviate from the usual consensus sequence in that the number of residues between the priming site and the GSK-3 target site is four, instead of the usual three (Cole et al., 2004) . Thus, the GSK-3 substrate consensus sequence is not invariant. Frequently, GSK-3 substrates contain several tandem target residues, spaced such that after an initial priming phosphorylation, GSK-3 will phosphorylate multiple consecutive target sites located N-terminal to the priming site, with GSK-3 acting as the priming kinase for each subsequent phosphorylation event. There are hundreds of potential GSK-3 substrates with properly spaced tandem GSK-3 target sites, based on bioinformatics analyses (Taelman et al., 2010) , although less than 100 GSK-3 substrates have been reported in the literature and only a subset of these has been thoroughly validated. Nascent GSK-3 and GSK-3 enzymes, as they fold into their final conformation, undergo a transient state in which they act as tyrosine kinases, serving to autophosphorylate themselves on a key tyrosine residue (Lochhead et al., 2006) . The resultant phosphorylation on tyrosine 216 of GSK-3 or the equivalent tyrosine 279 of GSK-3 is required for full serine/threonine kinase activity of the fully mature enzymes. Subsequent kinase activity is specific for serine/threonine phosphorylation. In the absence of signals, that is, resting conditions, GSK-3 exhibits a high degree of activity. The primary mode of regulating GSK-3 is via inactivation, which can be accomplished through phosphorylation, protein-protein interactions or sequestration. substrate binding cleft of the kinase, thereby placing the substrate into the proper orientation for GSK-3-mediated phosphorylation (Bax et al., 2001; Dajani et al., 2001; ter Haar et al., 2001 ). This pocket also binds the phosphorylated N-terminal peptide of GSK-3 when it is phosphorylated at S9/S21 -competing out exogenous substrates and hence, interfering with activity. There are several kinases capable of inhibiting GSK-3 through S9/S21 phosphorylation, including PKB/Akt, p70 ribosomal S6 kinase, p90 ribosomal S6 kinase, protein kinase A and certain protein kinase Cs (Cross et al., 1995; Fang et al., 2000; Goode et al., 1992; Sutherland and Cohen, 1994; Torres et al., 1999) .
Inhibitory C-terminal phosphorylation (GSK-3β-specific)
Phosphorylation of serine 389 (S389), which is located near the carboxy terminus of mouse GSK-3 (threonine 390 is the equivalent residue in human GSK-3 ), is also capable of generating a pseudosubstrate inhibitor of GSK-3 activity in a manner analogous to that obtained through phosphorylation of S9 (Thornton et al., 2008) . There is no equivalent residue to S389 found in the sequence of GSK-3, thus, S389 phosphorylation provides a mechanism through which GSK-3 activity may be differentially regulated from GSK3- activity. The only kinase that has been linked to S389 phosphorylation to date is p38 MAPK, which appears to phosphorylate S389 in brain and thymocytes (Thornton et al., 2008) .
Regulation through multi-protein complexes
GSK-3 can also be regulated through interactions with other proteins. This is most clearly demonstrated in the canonical Wnt/ -catenin signaling pathway where GSK-3 binds several proteins with distinct functional consequences. Details of this signalling pathway are discussed in section 4.1. In a multi-protein assembly known as the -catenin destruction complex, a high-affinity interaction between GSK-3 and the scaffolding protein Axin or Axin2/Conductin is required for GSK-3 to efficiently phosphorylate the substrate -catenin (Behrens et al., 1998; Hart et al., 1998; Ikeda et al., 1998a) . GSK-3 interacts strongly with members of the GSK-3 binding protein (GBP)/FRAT family of proteins and these interactions were thought to compete with Axin/Axin2 interactions with GSK-3 as part of the mechanism of Wnt/ -catenin signalling [reviewed in: (van Amerongen and Berns, 2005) ]. However, loss-of-function studies in mice indicate that the FRAT proteins are dispensable for Wnt/ -catenin signalling in mammals, given the lack of any obvious phenotype in triple knockout FRAT1,2,3-null mice (Van Amerongen, 2005) . GSK-3 also interacts with the intracellular domain of LRP6, a co-receptor for Wnt/ -catenin signalling (Beagle et al., 2009; Mi et al., 2006; Piao et al., 2008; Wu et al., 2009) . A model has been proposed in which Wnt ligand-induced phosphorylation of the intracellular domain of LRP6 results in GSK-3 binding and inactivation, thereby inhibiting GSK-3-mediated -catenin phosphorylation (Wu et al., 2009 ).
Functional redundancy of GSK-3α and GSK-3β
As described above, the kinase domains of GSK-3 and GSK-3 are virtually identical, resulting in a high degree of functional overlap between the two proteins. For instance, with respect to the role of GSK-3 in Wnt/ -catenin signalling, there is clear functional redundancy between GSK-3 and GSK-3 , based on genetic studies in mouse embryonic stem cells . Still, there are striking differences in the phenotypes of mice lacking GSK-3 or GSK-3 . GSK-3 knockout mice are viable but insulin-sensitized (MacAulay et al., 2007) and they display abnormal brain structure and behaviour (Kaidanovich-Beilin et al., 2009 ) as well as progressive cardiac hypertrophy and contractile dysfunction (Zhou et al., 2010) . By contrast, GSK-3 knockout mice are inviable (Hoeflich et al., 2000) . These animals die either prior to, or immediately after, birth and display cardiovascular developmental defects and liver degeneration (Hoeflich et al., 2000; Kerkela et al., 2008) . It is currently unclear whether the different phenotypes arise due to different expression patterns of GSK-3 and GSK-3 (both isoforms are expressed in most tissues examined) or distinct subsets of substrates (although few, if any, substrates have been shown to be targeted by only one of the two isoforms).
Pathways and transcription factors that regulate pluripotency in mouse and human pluripotent stem cells
Stems cells are defined by their ability to self-renew (i.e. to make more stem cells) while retaining the ability to differentiate into one or more specialized cell types. Embryonic stem cells (ESCs) have the ability to differentiate into all cell types of the embryo proper (Evans and Kaufman, 1981; Rossant, 2001) . In other words, they are pluripotent, a remarkable property that has obvious implications for tissue replacement therapies targetting diseased or damaged tissues. To retain their stem cell identity, both embryonic and adult stem cells (such as hematopoietic stem cells) have active signalling pathways that regulate their proliferation and pluripotency (reviewed in: (Molofsky et al., 2004) ). In ESCs, self-renewal depends on the maintenance of a transcriptional program regulated, minimally, by a set of three transcription factors. These factors comprise the core transcriptional program responsible for the maintenance of mouse ES cell pluripotency and include; Oct-4, Sox-2 and Nanog (Boyer et al., 2005; Chew et al., 2005; Loh et al., 2006; Rodda et al., 2005) . The most commonly used media for maintaining mouse ESCs under serum-free conditions require supplementation with leukemia inhibitory factor (LIF) and bone morphogenetic protein-4 (BMP4), which initiate signalling through gp130/STAT-and Smad-mediated pathways, respectively (Niwa et al., 1998; . Notably, these signalling molecules/pathways are incapable of maintaining undifferentiated human ESCs in vitro (Daheron et al., 2004; Humphrey et al., 2004; Xu et al., 2002) . Feeder-free culture of human ESCs requires Activin/Nodal and FGF-2 supplementation instead (Beattie et al., 2005; James et al., 2005; Levenstein et al., 2006; Ludwig et al., 2006; Vallier et al., 2005) . Despite a requirement for activation of ostensibly different signalling pathways, the transcriptional mediators of pluripotency appear to be similar in both human and mouse ESCs (Boyer et al., 2005; Chew et al., 2005; Loh et al., 2006; Rodda et al., 2005) with Nanog playing a central role (Pan and Thomson, 2007) . The difference in the medium requirements for mouse versus human ESCs (mESCs vs hESCs) likely reflects dissimilar developmental origins. There are two primary lines of evidence supporting the notion that hESCs represent a more advanced stage of development than the early blastocysts from which mESCs are obtained: i. Pluripotent mouse epiblast stem cells (EpiSCs), derived from an embryo at a later developmental stage than that typically used to obtain mESCs, have the same growth factor requirements (Activin/Nodal and FGF-2) as human "ESCs" (Brons et al., 2007; Tesar et al., 2007) . ii. Human ESCs or induced pluripotent stem cells can attain a mESC-like, LIF-dependent state, if they are reprogrammed with pluripotency-inducing transcription factors in the presence of LIF (Buecker et al., 2010; Hanna et al., 2010) . The pluripotent state of rodent EpiSCs (and primate "ESCs") differs biochemically and epigenetically from that of true rodent ESCs; the two conditions have been termed primed and naïve pluripotent states, respectively (Nichols and Smith, 2009 ). Of note, inactivation of GSK-3 through the use of small molecule inhibitors enhanced the maintenance of human pluripotent stem cells or pluripotent stem cells derived from the NOD strain of mouse in a naïve pluripotent state (Hanna et al., 2010; Hanna et al., 2009 ). Furthermore, the "ground state" of naïve pluripotency in mESCs can be maintained with fully defined serum-free medium by adding a combination of three small-molecule inhibitors (3i): SU5402 and PD184352, which serve to inhibit mitogen-activated protein kinase (MAPK) signaling; and CHIR99021, a high-specificity GSK-3 inhibitor . A proposed mechanism of the 3i cocktail is that inhibition of MAPK signalling blocks autoinductive FGF4 signalling required for mESC differentiation, while GSK-3 inhibition may play a role in allowing undifferentiated mESCs to survive and proliferate.
Effects of GSK-3 inhibition/ablation on pluripotent stem cells
There are now several reports in which inhibition of GSK-3 through the use of small molecules (e.g. CHIR99021 or BIO) has been shown to enhance the maintenance and derivation of embryonic stem cells obtained from mice, including the problematic C57BL/6 strain, from which de novo mESC cell line generation had been very difficult (Gertsenstein et al., 2010; Kiyonari et al., 2010; Sato et al., 2009) . Furthermore, inhibition of GSK-3 has facilitated the isolation of rat ESCs, which had also been technically challenging (Buehr et al., 2008; Li et al., 2009 ). In the following sections, we provide an overview of the potential mechanisms through which GSK-3 inhibition imparts its effects on pluripotency.
The central role of GSK-3 in Wnt/β-catenin signalling
The Wnt family of secreted glycoproteins regulates cellular interactions during Wnt signalling and is involved in the genesis of a variety of human cancers, including those of the colon, liver and breast (Giles et al., 2003; Morin and Weeraratna, 2003) . In the canonical Wnt/ -catenin pathway, the ultimate outcome of ligand-initiated signal transduction is largely dependent on the activation of genes regulated by T-cell factor (TCF) / lymphoid enhancer factor (LEF) transcription factors (Arce et al., 2006; Brantjes et al., 2002) . TCF/LEF proteins, in the absence of a Wnt signal, repress transcription in conjunction with corepressors such as members of the Groucho/TLE (Transducin-like Enhancer of split) family (Chen and Courey, 2000; Hurlstone and Clevers, 2002) . In response to Wnt, newly accumulated -catenin displaces Groucho/TLE from TCF/LEF and acts as a co-activator of TCF/LEF to initiate transcription (Brantjes et al., 2002; Chen and Courey, 2000; Daniels and Weis, 2005) . There are four mammalian TCF/LEF family members: TCF1, LEF1, TCF3 and TCF4 (Arce et al., 2006) . In mESCs, transcripts from all of the TCF/LEF genes are readily detected, but those encoding TCF3 predominate at steady state (Anton et al., 2007; Pereira et al., 2006) . At the protein level, all TCF/LEF family members are readily detected by western blot analyses of mESC lysates (Kelly et al., 2011) . TCF3 has been shown to negatively regulate the transcription of Nanog (Pereira et al., 2006; Yi et al., 2008) and to co-occupy promoters with Nanog and Oct-4 in mESCs (Cole et al., 2008) . GSK-3 plays a central role in the canonical Wnt/ -catenin signalling pathway (see Fig. 2 ), serving to keep steady state levels of the cytoplasmic, signalling pool of -catenin low in the absence of Wnt ligands (Dominguez et al., 1995; He et al., 1995; Peifer et al., 1994) . A fraction of GSK-3 is complexed with the scaffolding proteins adenomatous polyposis coli (APC) and Axin1 (or Axin2), and efficiently phosphorylates -catenin ["primed" by casein kinase-1 (CK1)] on a series of N-terminal domain residues earmarking it for polyubiquitination and proteasomal degradation (Doble and Woodgett, 2003) . GSK-3 also phosphorylates APC and Axin, increasing their affinities for -catenin (Hoeflich et al., 2000; Ikeda et al., 1998b; Jho et al., 1999; Yamamoto et al., 1999) . Activation of Wnt/ -catenin signalling requires two types of receptors. The first class belongs to a sub-family of single-pass transmembrane receptors, the low-density lipoprotein receptor related proteins (LRPs), LRP5 and LRP6 (He et al., 2004; Schweizer and Varmus, 2003; Tamai et al., 2000; Wehrli et al., 2000) . The second type of receptor comprises a family of serpentine 7-pass transmembrane receptors known as Frizzleds (Fz) (Logan and Nusse, 2004; Orsulic and Peifer, 1996) , which appear to function as G protein-coupled receptors (Katanaev et al., 2005; Liu et al., 2005; Schulte and Bryja, 2007) . The binding of Wnt to Fz/LRP6 results in the recruitment of a trimolecular complex of Dishevelled, Axin and GSK-3 to the Fz/LRP6 heterodimer (Bilic et al., 2007; Zeng et al., 2008; Zeng et al., 2005 )GSK-3 and CKI then phosphorylate residues of LRP6 to create an Axin docking site which enhances Axin's affinity for LRP6 and results in inhibition of the -catenin destruction complex in an unclear manner, possibly involving direct GSK-3 inhibition through Axin-binding (Zeng et al., 2008; Zeng et al., 2005) and/or interactions with phospho-LRP6 (Wu et al., 2009 ). The reorganization of Axin upon LRP5/6 binding may also trigger sequestration of Axin-associated GSK-3 into multivesicular endosomes -preventing direct access to -catenin (Taelman et al., 2010) .
Wnt/-catenin signalling reinforces the pluripotent state of mESCs
The first study to directly implicate GSK-3 and Wnt/-catenin signalling in the regulation of ESC pluripotency suggested that human and mouse ESCs respond similarly to activation of Wnt/ -catenin signalling (Sato et al., 2004) . By using a reporter construct harbouring TCF binding sites driving yellow fluorescent protein (YFP) expression, pathway activation was found to be highest in undifferentiated mESCs and was gradually lost as the cells differentiated, suggesting that endogenous -catenin/TCF signalling supported the maintenance of pluripotency. Activation of the Wnt pathway in mESCs or hESCs, by treatment with either Wnt3a or the GSK-3 inhibitor BIO, prolonged the retention of pluripotency markers, although one caveat of this study is that these cells were not examined for more than 5-7 days, over multiple passages (Sato et al., 2004) . Similar observations were made in mESCs treated with the GSK-3 inhibitor, LiCl (Anton et al., 2007) , as well as Wnt-conditioned medium (Hao et al., 2006; Ogawa et al., 2006; Singla et al., 2006) . As an aside, there is a fundamental difference between treatment with GSK-3 inhibitors and treatment with Wnt due to the inherent feedback control circuitry of Wnt signalling. Hence, the target genes of -catenin include Axin2 and DKK1 which both act to reduce Wnt signalling. However, inhibition of GSK-3 short-circuits these controls leading to chronic activation of -catenin signalling that is more reminiscent of tumours that harbour APC deletions or -catenin mutations. Some of the conclusions reached by Sato et al. conflict with an independent study investigating the effects of Wnt pathway manipulation in hESCs over multiple weeks (Dravid et al., 2005) . In this study, addition of the Wnt antagonists Dkk1 or sFRP2 did not compromise the self-renewal ability of hESCs when cultured on a feeder layer, nor did the www.intechopen.com Molecular Mechanisms Underlying Pluripotency and Lineage Commitment -The Role of GSK-3 375 inclusion of recombinant Wnt3a support hESC propagation in the undifferentiated state in the absence of feeders. -catenin/TCF activity increased significantly after BMP-4-or retinoic acid-induced hESC differentiation, supporting a pro-differentiation role for the Wnt pathway in hESCs (Dravid et al., 2005) . Indeed, sustained Wnt pathway activation or GSK-3 inhibition in monolayer culture promotes hESC and mESC differentiation into mesoendodermal progenitors, which are capable of enhanced endothelial and cardiac specification (Bakre 2007). A bisindoylmaleimide GSK-3 inhibitor, designated 1m, which was shown to sustain pluripotency of mESCs (Bone et al., 2009) , by contrast, has been shown to be effective in differentiating hESCs into definitive endoderm (Bone et al., 2011) . These divergent effects of 1m-mediated GSK-3 inhibition are likely due to the caveats associated with the developmental origins of human and mouse ESCs, discussed in section 3 above.
Genetic Gain-and Loss-of-function studies of Wnt pathway regulators in ESCs

mESCS with mutant Adenomatous polyposis coli (Apc) display impaired differentiation
The scaffolding protein Adenomatous polyposis coli (Apc) is a key negative regulator of the Wnt/-catenin pathway that is frequently mutated in human cancers, particularly those of the colon (Kwong and Dove, 2009 ). Kielman et al. used teratoma assays in syngeneic mice to evaluate the differentiation capacities of mESCs harbouring a spectrum of mutant forms of Apc (Kielman et al., 2002) . These mutants exhibit varying abilities to regulate -catenin levels, with some (i.e. Apc MIN/MIN ) being completely deficient in this regard, while others (i.e. Apc 1638N/1638N ) retaining about 50% activity (Kielman et al., 2002) . Interestingly, these cells exhibit a range of differentiation defects, with those harbouring the most disruptive Apc mutations having the most profound deficiencies. Although Apc MIN/MIN mESCs fail to form teratomas, Apc 1638N/1638N teratomas fail to generate detectable neural tissue, cartilage and bone. These observations carried over to in vitro analyses: upon LIF withdrawal, only the most severe Apc mutant lines retained an undifferentiated morphology. Dysregulation of -catenin levels was implicated as the mechanism underlying the differentiation blockade, since mESCs with a targeted deletion of -catenin exon 3, which encodes the GSK-3 phosphorylation sites and so generates a stabilized form of the protein, also failed to differentiate (Kielman et al., 2002) .
Ectopic expression of -catenin reinforces pluripotency
A caveat of studies relying solely on GSK-3 inhibitors and/or Wnt stimulation is that such treatments can have pleiotropic effects that are not limited to -catenin stabilization due to the many other targets of GSK-3. To directly examine whether increased -catenin levels are sufficient to reinforce pluripotency, the effects of wild type and stabilized -catenin overexpression were examined using an inducible system in mESCs (Ogawa et al., 2006) . In this system, the expression of stabilized -catenin, and to a lesser extent wild type -catenin, prolonged the retention of an undifferentiated ESC morphology after LIF removal. This effect may be attributable, at least in part, to crosstalk between -catenin and LIF/Stat3 signalling, since GSK-3 inhibition using BIO activated a Stat3 reporter construct (Ogawa et al., 2006) . Takao et al. (2007) obtained similar results by expressing stabilized (S33A) -catenin in mESCs, transiently selecting the cells for expression of puromycin resistance, and assaying for the retention of pluripotency markers after LIF withdrawal (Takao et al., 2007) . Finally, our group demonstrated that mESCs stably expressing the S33A form of -catenin exhibits enhanced self-renewal and delayed loss of pluripotency (Kelly et al., 2011) . Intriguingly, similar results were observed using a deletion mutant of -catenin lacking its C-terminal transactivation domain, which transactivates -catenin/TCF target genes with ~10% the efficiency of the full length form, suggesting that sustenance of pluripotency by -catenin occurs independently of TCF proteins. One possible mechanism through which stabilized -catenin could restrict exit from pluripotent state is through the direct modulation of the pluripotency regulators. In support of such a mechanism, the formation of -catenin/Oct-4 complexes was implicated in the regulation of Nanog expression (Takao et al., 2007) . Indeed, -catenin/Oct-4 complexes were detected by co-immunoprecipitation using DKO mESC lysates, or wild type mESCs lysates after stimulation of the Wnt--catenin pathway using Wnt3a or GSK-3 inhibition. Furthermore, an established Oct reporter [PORE; (Botquin et al., 1998) ] and specific Oct-4 target genes were induced after pathway stimulation, supporting a mechanism whereby -catenin enhances Oct-4-mediated transcriptional activation (Kelly et al., 2011) . -catenin also exerts some of its effects on ESCs through its function as a structural protein (see Fig. 2 ). The role of -catenin in the cadherin/catenin complex has historically been a structural one, to "hardwire" the cadherin complex to the actin cytoskeleton (Nelson, 2008) . More recently, this view has been called into question, owing to controversial studies proposing that a tripartite cadherin/-catenin/actin complex does not form in vivo Yamada et al., 2005) . Nonetheless, analyses of -catenin knockout mice strongly support its role as a key regulator of cadherin-mediated cell-cell adhesion (Haegel et al., 1995; Huelsken et al., 2000) . Ablation of -catenin causes embryonic lethality at ~d6.5, with the mutant embryos exhibiting defects in formation of embryonic ectoderm (Haegel et al., 1995) , as well as anterior-posterior axis formation (Huelsken et al., 2000) . Interestingly, expression levels and adherens junction localization of the -catenin-related protein plakoglobin appear increased in -catenin (-/-) embryos, suggesting that plakoglobin at least partly rescues adhesion defects caused by -catenin deficiency (Huelsken et al., 2000) . -catenin (-/-) mESCs cultured in LIF-containing medium express markedly lower levels of Rex-1 transcript when compared to wild type mESCs, suggesting that these cells are prone to spontaneous differentiation (Anton et al., 2007) . In support of this possibility, the expression of pluripotency markers is more rapidly lost in these cells after retinoic acid-induced differentiation (Wagner et al., 2010) . The dual roles of -catenin have been re-examined recently by using genetic "rescue" experiments in Ctnnb1-deficient mESCs with a deletion of exons 3-6 ( -catenin ∆/∆ ) (Lyashenko et al., 2011) . In mESCs lacking endogenous full-length -catenin, plakoglobin partially compensates for the loss of -catenin with respect to its cell adhesion functions in undifferentiated mESCs. Under standard mESC culture conditions, global gene transcript expression profiles of wild-type and -catenin knockout mESCs were almost identical, with no observed differences in the transcript levels of the pluripotency factors: Nanog, Oct4, Sox2 or Rex1. Despite their normal appearance, -catenin ∆/∆ mESCs were impaired in their ability to differentiate into mesendoderm and neuronal cell types. Stable re-expression of full-length or truncated -catenin lacking its transactivation domain, in -catenin ∆/∆ mESCs, was able to rescue their ability to differentiate into definitive endoderm and neuronal cells.
Generation and analysis of mouse embryonic stem cells lacking GSK-3
Although GSK-3 inhibition is strongly implicated in the sustenance of pluripotency through the use of small molecular inhibitors, some of these inhibitors are known to elicit off-target Fig. 2 . Model illustrating the central role of -catenin in mediating the pluripotencyenhancing effects of Wnt signaling (or GSK-3 inhibition/ablation) in mESCs. A. In the absence of Wnt, -catenin is phosphorylated by GSK-3 in a "destruction complex", which tags it for proteosomal degradation. Levels of cytosolic and nuclear -catenin are very low and canonical target genes are repressed via TCF/LEF factor interactions with TLE repressors. TCF3 exerts a weak repressive effect on Nanog gene expression but LIF and BMP supplementation are sufficient to prevent differentiation and ensure that the network of pluripotent transcription factors (Oct4, Sox2 and Nanog) supports pluripotency. B) In the presence of Wnt, -catenin is no longer targeted for degradation as the destruction complex is disrupted and GSK-3 is sequestered in multivesicular endosomes (see text for details). -catenin accumulates in the cytosol and translocates to the nucleus where it activates canonical Wnt/ -catenin target genes and associates with Oct-4 complexes. -catenin also de-represses TCF3 targets such as Nanog through a mechanism that does not require its transactivation domain. Inhibition of Mek signal transduction, together with Wnt treatment (or GSK-3 inhibition) are sufficient to maintain mESCs in a pluripotent ground state.
effects, which could confound the interpretation of results (Bain et al., 2007) . To circumvent such limitations, mouse embryonic stem cells lacking both alleles of GSK3 and GSK-3 (double knockout; DKO) were generated and characterized . The morphology of DKO mESCs is altered dramatically relative to the wild type line, as colonies closely resemble the compact, highly refractile morphology of mESCs treated with CHIR99021 (Kelly et al., 2011) . These cells exhibit highly elevated levels of cytoplasmic and nuclear -catenin and expression of several prototypical targets of the Wnt/-catenin pathway (axin2, brachyury and cdx1) is strongly upregulated . One of the most striking consequences of GSK-3 ablation in mESCs is their profound inability to differentiate efficiently, particularly to the neurectoderm lineage. Using established differentiation assays such as embryoid bodies or teratomas, in striking contrast to wild type mESCs, DKO mESCs retain the expression of pluripotency markers (Oct-4, Nanog) and fail to express detectable amounts of neural markers, such as -III-tubulin. To determine whether this differentiation blockade was due to the hyperactivation of -catenin/TCF target genes, the original DKO line was modified to allow for the site-specific integration of transgenes at the endogenous GSK-3 locus; thereafter, a dominant negative form of TCF4 (TCF4DN) was constitutively expressed from this locus under the control of the EF1 promoter (Kelly et al., 2011) . Surprisingly, although the expression of TCF4DN efficiently attenuated the activation of -catenin/TCF target genes, these cells were not rescued with regard to their impaired neurectoderm differentiation. However, after normalization of -catenin levels through the stable expression of -catenin-specific shRNAs, these cells were capable of neurectoderm differentiation in teratoma assays. These findings suggested that -catenin, independent of its role as a transactivator of TCF target genes, regulates the acquisition and maintenance of the pluripotent state (Kelly et al., 2011) . Recent studies by two groups have revealed that TCF3 is regulated by -catenin in a somewhat atypical manner (Wray et al., 2011; Yi et al., 2011) . Of the four TCF/LEF family members, TCF3 is unusual in that there is little evidence that -catenin directly activates TCF3 target genes. In most contexts, the other TCF/LEF family members, upon bindingcatenin, recruit transcriptional activators to increase target gene transcription. In mESCs, -catenin appears to alleviate the repression of Tcf3 on genes such as Nanog, without recruiting transactivating factors (Wray et al., 2011) . Derepression of TCF3 by -catenin appears to be a significant part of the mechanism through which GSK-3 inhibition exerts its effects on mESC pluripotency (see Fig. 2 ).
PI3K signalling and GSK-3 inhibition 4.2.1 Signalling through PI3K and the sustenance of pluripotency
The PI3K pathway regulates various cellular processes, ranging from cell motility to growth, proliferation, survival and metabolism [reviewed in: (Cully et al., 2006; Yuan and Cantley, 2008) ]. PI3Ks comprise a family of lipid kinases that phosphorylate the 3' hydroxyl group of phosphoinositide lipids within membranes. After activation by upstream growth factors, cytokines and receptor tyrosine kinases (RTKs), PI3K phosphorylates PIP 2 , to form PIP 3 . This process is reversed by the tumour suppressor phosphatase and tensin homolog deleted on chromosome ten (PTEN), which dephosphorylates PIP 3 back to PIP 2 , thus terminating the pathway. Upon generation, PIP 3 propagates the signal by binding to the pleckstrin homology (PH) domain of several downstream effector proteins, including the key effector protein kinase phosphoinositide-dependent kinase 1 (PDK1) which targets a variety of www.intechopen.com Molecular Mechanisms Underlying Pluripotency and Lineage Commitment -The Role of GSK-3 379 members of the AGC family of protein-serine kinases including Protein Kinase B (PKB; also known as Akt), resulting in the activation of PKB through its phosphorylation on T308. PKB elicits diverse effects through its phosphorylation of many signalling intermediates, including GSK-3, the Foxo transcriptional regulators and modulators of apoptotic signalling pathways. Aberrant activation of the PI3K pathway is thought to be a key event in the genesis and maintenance of several types of human cancers and various components of this system are frequently mutated in tumours (Luo et al., 2003; Cully et al., 2006; Yuan and Cantley, 2008) . The first indications that PI3K signalling may regulate self-renewal arose from the realization that signalling through the LIF receptor subunit, gp130, elicits pleiotropic effects through modulation of various signalling pathways, including the Ras/MAPK, JAK/STAT and PI3K pathways (Boeuf et al., 1997; Boeuf et al., 2001; Ernst et al., 1996; Takahashi-Tezuka et al., 1998) . Indeed, direct stimulation of mESCs with LIF induces robust PI3K pathway activation (as assessed through the phosphorylation of Akt/PKB on S473, GSK3/ on S21 and S9, respectively, and a downstream pathway target, ribosomal S6 kinase) (Paling et al., 2004) . This effect is blocked by treatment with the PI3K inhibitor, LY294002, or after the expression of a dominant negative form of p85, the regulatory subunit of Class IA PI3Ks (Paling et al., 2004) . Inhibition of PI3K activity by these means results in substantially reduced self-renewal of mESCs (Paling et al., 2004) , by a mechanism that involves the regulation of Nanog expression (Kingham and Welham, 2009; Storm et al., 2007) . Importantly, while treatment of mESCs with LY294002 blocks PI3K-mediated induction of Nanog expression, this effect is reversed by treatment with GSK-3 inhibitors, implicating GSK-3 in the regulation of self-renewal through the modulation of Nanog levels (Storm et al., 2007) . More recently, by performing gene expression analyses on mESCs cultured in LIFcontaining media with and without PI3K pathway inhibition, Storm et al. identified putative target genes of PI3K signalling (Storm et al., 2009 ). The majority of identified gene changers (~73%) were downregulated after PI3K inhibition, indicating that they are normally transcriptionally increased downstream of PI3K signalling. As was observed for Nanog (Storm et al., 2007) , GSK-3 inhibition using BIO de-repressed the expression of some PI3K targets (Shp-1 and 1700061G19Rik), though many appeared to be regulated in a GSK-3-independent manner (Storm et al., 2009) . Interestingly, knockdown of one of the GSK-3 targets, the tyrosine phosphatase Shp-1, compromised ESC self-renewal capacity, an effect that may involve its desphosphorylation of Stat3 (Storm et al., 2009 ). The identification of additional Shp-1 substrates will help clarify its mechanism of action in ESCs. To determine whether constitutive activation of PI3K signalling was sufficient to support ESC self-renewal in the absence of LIF, the effects of stably expressing a constitutively active form of PKB (myr-PKB) in ESCs were examined (Watanabe et al., 2006) . Both mouse and monkey ESCs expressing myr-PKB retained expression of pluripotency markers (Oct-4, Nanog, Rex-1) after LIF withdrawal, indicating that PI3K activation can reinforce pluripotency under conditions permissive of differentiation (Watanabe et al., 2006) . We have confirmed these findings using stable ESC lines expressing activated alleles of PKB and PDK1 (Ling et al. unpublished).
Does PI3K signalling through GSK-3 modulate c-Myc stability to reinforce selfrenewal?
PI3K induced phosphorylation and inhibition o f G S K -3 d o e s n o t l e a d t o i n c r e a s e d stabilization of -catenin (likely due to insulation of the relatively small fraction of GSK-3 molecules associated with the Axin/APC destruction complex) (Ng et al., 2009) . A possible mechanism through which PI3K/GSK-3 signalling may regulate ESC self-renewal is through the regulation of c-Myc stability. As a target of LIF/Stat3 signalling, maintenance of c-Myc expression reinforces the pluripotent state of mESCs by suppressing differentiation (Cartwright et al., 2005) . Upon LIF withdrawal, c-Myc transcript and protein levels in mESCs are sharply reduced, through a mechanism involving both its transcriptional repression and increased targeting for proteasomal degradation. However, ectopic expression of c-Myc harbouring the T58A mutation, abrogating a target site for GSK-3 phosphorylation that promotes ubiquitation and turnover, sustains pluripotency in the absence of LIF (Cartwright et al., 2005) . In a follow-up study from the same group, it was suggested that GSK-3's ability to phosphorylate c-Myc relies upon its nuclear translocation. Upon LIF withdrawal of mESCs, GSK-3 localization shifts from the cytoplasm to the nucleus, thereby gaining access to c-Myc, and destabilizing it through phosphorylation on T58. Moreover, expression of activated PKB (myr-PKB), triggering GSK-3 inactivation through its phosphorylation at S21/S9, blocks GSK-3 nuclear translocation and c-Myc T58 phosphorylation/degradation (Bechard and Dalton, 2009) . Taken together, downstream LIF signalling involving GSK-3-mediated stabilization of cMyc, may have a role in the regulation of ESC self-renewal.
Conclusions/Future studies
It is clear that in both human and mouse ESCs, inhibition of GSK-3 exerts strong effects on the biology of these unique cells. Whereas, in some contexts, GSK-3 inhibition promotes retention of naïve pluripotency, there are signalling environments in which GSK-3 inhibition promotes lineage-specific (mesendoderm) differentiation. Although we have focused on Wnt/ -catenin and PI3K signalling, GSK-3 also plays a role in other developmentally important signalling pathways, such as the Hedgehog pathway [reviewed in: (Jiang and Hui, 2008) ]. How GSK-3-mediated regulation of substrates beyond those in the Wnt and PI-3K signalling pathways modulates ESC properties remains to be thoroughly investigated. Intriguingly, GSK-3 also appears to play a role in directing the expression of the de novo DNA methyltransferase Dnmt3a2, suggesting that GSK-3 may play a role in the regulation of the epigenome (Popkie et al., 2010) . The role of GSK-3 in the epigenetic regulation of genes important for pluripotent stem cell self-renewal and differentiation is an exciting new direction for future studies.
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